Temperature drop in ducts for forced-air heating systems : a report by Kratz, Alonzo Plumsted et al.
I LL INO S
UNIVERSITY OF ILLINOIS AT URBANA-CHAMPAIGN
PRODUCTION NOTE
University of Illinois at
Urbana-Champaign Library
Large-scale Digitization Project, 2007.

UNIVERSITY OF ILLINOIS
BULLETIN
Vol. 41 May 2, 1944 No. 37
ENGINEERING EXPERIMENT STATION
BULLETIN SERIES No. 351
TEMPERATURE DROP IN DUCTS FOR
FORCED-AIR HEATING SYSTEMS
A REPORT OF AN INVESTIGATION
CONDUCTED BY
THE ENGINEERING EXPERIMENT STATION
UNIVERSITY OF ILLINOIS
IN COOPERATION WITH
THE NATIONAL WARM-AIR HEATING AND
AIR CONDITIONING ASSOCIATION
BY
ALONZO P. KRATZ
SEICHI KONZO
AND
RICHARD B. ENGDAHL
PRICE: SIXTY-FIVE CENTS
PUBLISHED BY THE UNIVERSITY OF ILLINOIS
URBANA
[Issued weekly. Entered as second-class matter at the post office at Urbana, Illinois, under the Act of
August 24, 1912. Office of Publication, 358 Administration Building, Urbana, Illinois. Acceptance for mail-
ing at the special rate of postage provided for in Sectiou 1103, Act of October 3, 1917, authorised July
81, 1918.]
SHE Engineering Experiment Station was established by act
of the Board of Trustees of the University of Illinois on De-
cember 8, 1903. It is the purpose of the Station to conduct
investigations and make studies of importance to the engineering,
manufacturing, railway, mining, and other industrial interests of the
State.
The management of the Engineering Experiment Station is vested
in an Executive Staff composed of the Director and his Assistant, the
Heads of the several Departments in the College of Engineering, and
the Professor of Chemical Engineering. This Staff is responsible for
the establishment of general policies governing the work of the Station,
including the approval of material for publication. All members of
the teaching staff of the College are encouraged to engage in scientific
research, either directly or in cooperation with the Research Corps,
composed of full-time research assistants, research graduate assistants,
and special investigators.
To render the results of its scientific investigations available to
the public, the Engineering Experiment Station publishes and dis-
tributes a series of bulletins. Occasionally it publishes crculars of
timely interest, presenting information of imbrtance,. Mpiled from
various sources which may not readily be. acessible to the clientele
of the Station, and reprints of articles appearing in the technical press
written by members of the staf and others.
The volume and number at the top of the front cover page are
merely arbitrary numbers and refer to the general publications of the
University. Above the title on the cover is given the number of the
Engineering Experiment Station bulletin, circular, or reprint which
should be used in referring to these publications.
For copies of publications or for other information address
THE ENGINEERING EXPERIMENT STATION,
UNIVERsrr OF ILLINOIS,
URBANA, ILLINOIS
UNIVERSITY OF ILLINOIS
ENGINEERING EXPERIMENT STATION
BULLETIN SERIES No. 351
TEMPERATURE DROP IN DUCTS FOR
FORCED-AIR HEATING SYSTEMS
A REPORT OF AN INVESTIGATION
CONDUCTED BY
THE ENGINEERING EXPERIMENT STATION
UNIVERSITY OF ILLINOIS
IN COOPERATION WITH
THE NATIONAL WARM-AIR HEATING AND
AIR CONDITIONING ASSOCIATION
BY
ALONZO P. KRATZ
RESEARCH PROFESSOR OF MECHANICAL ENGINEERING
SEICHI KONZO
SPECIAL RESEARCH PROFESSOR OF MECHANICAL ENGINEERING
RICHARD B. ENGDAHL
FORMERLY RESEARCH ASSISTANT IN MECHANICAL ENGINEERING
PUBLISHED BY THE UNIVERSITY OF ILLINOIS
PRICE: SIXTY-FIVE CENTS
UNIVERSITY
OF ILLINOIS
400-5-44-27691 ,: PR
E
SS 
;
CONTENTS
PAGE
I. INTRODUCTION . . . . . . . . . . . 7
1. Objects and Scope of Investigation . . . . . 7
2. Acknowledgments . . . . . . . . . . 7
3. Significance of Temperature Drop in Design of
Forced-Air Systems . . . . . . . . . 8
II. DESCRIPTION OF APPARATUS . . . . . . . . . 11
4. Laboratory Plant . . . . . . . . . . 11
5. Temperature Measuring Instruments . . . . . 13
III. TEST METHODS AND PROCEDURE . . . . . . . 15
6. Surface Temperature of Round Duct . . . . . 15
7. Surface Temperatures of Square and Rectangular
D ucts . . . . . . . . . . . . . 15
8. Temperature Drop and Heat Loss. . . . . . 16
9. Test Procedure . . . . . . . . . . . 19
IV. RESULTS OF TESTS . . . . . . . . . . . . 20
10. Preliminary Survey in Research Residence . . . 20
11. Factors Affecting Heat Loss From Ducts. . . . 20
12. General Statement on Dimensional Analysis of Data 28
13. Nomenclature . . . . . . . . . . . 29
14. Inside Film Coefficient . . . . . . 29
15. Outside Coefficient of Radiation . . . . . . 33
16. Outside Coefficient for Natural Convection . . . 34
V. CHARTS FOR THE ESTIMATION OF TEMPERATURE DROP IN
D UCTS . . . . . . . . . . . . . . . 37
17. Derivation of Charts . . . . . . . . . 37
18. Method of Using Charts . . . . . . . . 42
APPENDIX A. PHYSICAL PROPERTIES OF AIR . . . . 42
1. General Statement . . . . . . . . . . 42
2. Density . . . . . . . . . . . . . 43
3. Specific Heat at Constant Pressure . . . . . 43
4. Absolute Viscosity . . . . . . . . . . 43
5. Conductivity . . . . . . . . . . . . 44
6. Coefficient of Expansion . . . . . . . . 44
7. Reynolds' Number . . . . . . . . . . 46
8. Prandtl's Number . . . . . . . . . . 46
9. Nusselt's Number . . . . . . . . . . 47
10. Product of Grashof's and Prandtl's Numbers. . . 47
4 CONTENTS (CONCLUDED)
PAGE
APPENDIX B. RADIATION FROM HEATED SURFACES . 48
1. Stefan-Boltzmann Equation . . . . . . . 48
2. Emissivity Coefficient for Galvanized-Iron Surfaces 50
APPENDIX C. PROCEDURE FOR CALCULATING TEMPERATURE
DROPS . . . . . . . . . . . . . .. . 51
1. Method of Calculating and Outline of Procedure . 51
APPENDIX D. BIBLIOGRAPHY . . . . . . . . . 57
LIST OF FIGURES
NO. PAGE
1. Coefficients for Calculation of Air Volume for Heating Requirements. . . 9
2. Examples Showing Influence of Register Air Temperature on Air Re-
quirements for Heating Rooms . . . . . . . . .. . 10
3. Laboratory Plant for Measurement of Temperature Drop in Ducts . . . 12
4. Thermocouple Arrangements . . . . . . . . . . .. . 14
5. Typical Profiles for Air Temperatures and Velocities in Test Duct . . . 17
6. Temperature Drop in Ducts in Research Residence . . . . . . . 21
7. Heat Transfer Through Inside Film for Gases Flowing Inside of Pipes . . 32
8. Natural Convection From Single Horizontal Cylinders to Gases and Liquids 35
9. Rate of Temperature Drop in Galvanized-Iron Ducts as Affected by Duct
Diameter and Air Velocity . . . . . . . . . . .. . 38
10. Temperature Drop in Ducts for Air Velocity of 400 Feet per Minute. . . 40
11. Temperature Drop in Ducts for Air Velocity of 600 Feet per Minute. . 40
12. Temperature Drop in Ducts for Air Velocity of 800 Feet per Minute. . . 41
13. Temperature Drop in Ducts for Air Velocity of 1000 Feet per Minute . . 41
14. Curves for Viscosity and Conductivity of Air and Modulus a . . . . 45
15. Radiation Factor for Surface Temperatures From 40 to 260 deg. F. . . . 49
LIST OF TABLES
NO. PAGE
1. Test Data and Results. . . . . . . . . . . . . . .22
2. General Nomenclature ...... . . . . . . . . . 30
3. Emissivity Coefficients for Galvanized-Iron Surface . . . . . . . 50
4. Typical Calculation for Determination of Rate of Temperature Drop in
20-Ft. Length of Duct ..... . . . . . . . . . 53

TEMPERATURE DROP IN DUCTS FOR
FORCED-AIR HEATING SYSTEMS
I. INTRODUCTION
1. Objects and Scope of Investigation.-The main object of this
investigation was to study the heat loss from galvanized-iron ducts
carrying heated air, and to determine the resulting drop in tempera-
ture in the air flowing in the ducts. Further incidental objects were:
(1) To determine the emissivity coefficients for radiation from the
surface of commercial, galvanized-iron ducts;
(2) to study the temperature stratification of the air flowing, and
to determine the effect of such stratification on the heat loss and on
the experimental methods required;
(3) to correlate the heat transfer coefficients based on the air
films inside and outside of the ducts with similar film coefficients given
by other investigators;
(4) to determine the effect of the velocity of the flowing air on the
heat loss from the duct and on the drop in temperature of the air;
(5) to derive curves giving the relations between the size and shape
of the duct, the air velocity, and the temperature drop occurring in
any given length of duct.
The studies were confined to uninsulated, horizontal, round, square,
and rectangular ducts of sizes and aspect ratios commonly used in
forced-air heating systems. All ducts were freely suspended in the air
without interference from joists or other nearby surfaces. The results
are not directly applicable to vertical ducts nor to those concealed or
installed between joists.
2. Acknowledgments.-The results presented in this bulletin were
obtained in connection with a cooperative investigation of warm-air
furnaces and heating systems sponsored jointly by the Engineering
Experiment Station and the National Warm Air Heating and Air Con-
ditioning Association. This investigation is a project of the Depart-
ment of Mechanical Engineering, and is being conducted under the
general administrative direction of DEAN M. L. ENGER, Director of
the Engineering Experiment Station, and PROFESSOR 0. A. LEUTWILER,
Head of the Department of Mechanical Engineering. The cooperating
Association has been represented by a Research Advisory Committee,
and the continued interest and cooperation of this committee is hereby
acknowledged.
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The bulletin includes material from three theses completed under
the direction of the senior author, and submitted in partial fulfillment
of the requirements for the degree of Master of Science in Mechani-
cal Engineering, by JOHN S. CUNNINGHAM in 1936, by RICHARD B.
ENGDAHL in 1938, and by RICHARD B. KNIGHT in 1939. Acknowledg-
ment is also made to A. E. HERSHEY, Research Associate Professor in
Mechanical Engineering for the determination of the emissivity of the
duct surfaces, and to F. W. MCKENNA, former graduate student, for
assistance in part of the test work.
3. Significance of Temperature Drop in Design of Forced-Air
Systems.-In the design of an air distribution system for a forced
warm-air heating plant for a given structure, it is assumed that the
heat losses from the individual rooms are in each case offset by the
heat given up by the air circulated. For a given heat loss the required
volume is, therefore, dependent on the air temperatures both at the
inlet register and at the return grille. These relations are expressed by
the following equation:
H = 60 X 0.242 X Q X p X (tr - t) (1)
in which
H = heat loss from room, in B.t.u. per hr.
Q = volume of air leaving the inlet register, in cu. ft. per min.
p = weight density of air at the inlet register, in lb. per cu. ft. at
temperature t,
tr = temperature of air leaving the register and entering the room,
in deg. F.
to = temperature of air leaving the room and entering the return
grille, in deg. F.
60 = number of minutes in an hour
0.242 = specific heat of air, in B.t.u. per lb.
From Equation (1),
HQ = (2)
60 X 0.242 X p X (tr - g)
Both the volume and density are expressed in terms of air leaving
the inlet register, and, for a given barometric pressure, the density is
dependent only on the register air temperature. Hence, if any constant
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FIG. 1. COEFFICIENTS FOR CALCULATION OF AIR VOLUME FOR
HEATING REQUIREMENTS
value is selected for the temperature of the air entering the return
grille, Equation (2) can be simplified and written
Q = CH
in which the coefficient, C, is equal to
1
60 X 0.242 X p X (t, - tQ)
In winter heating the air enters the return grille at an average temper-
ature of approximately 65 deg. F. A curve for the coefficient, C, based
on a barometric pressure of 29.92 in. of mercury and a temperature
of 65 deg. F. at the return grille, is shown in Fig. 1. For any given
register air temperature, the required air volume can be found by
reading C from the curve and substituting in Equation (3). Thus, if a
room has a calculated heat loss, H, of 15 000 B.t.u. per hr. and the
air leaves the register at a temperature of 135 deg. F., the coefficient
C, as read from the curve, is 0.0149, and the volume of air required
would be 0.0149 X 15 000, or 223 cu. ft. per min.
In design practice the determination of the air volumes for a num-
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ber of rooms served by registers in a duct system connected to the
same furnace is frequently based on the assumption that the air is
delivered from all of the registers at the same temperature. This
method of design is illustrated by Case I, Fig. 2. With a bonnet air
temperature of 150 deg. F., it was assumed that a temperature drop
of 15 deg. F. occurred in each of the two ducts leading to rooms A
and B, and that the resulting register air temperature was 135 deg. F.
in each case. Under these conditions the calculated air volume re-
quirements would be 223 cu. ft. per min. for both rooms.
In the case of a compact duct system, with the furnace located
centrally in the basement, all of the individual ducts are short and of
equal or nearly equal length, and the assumption that the air would
be delivered from all of the registers at the same temperature is ap-
proximately correct. Under these circumstances this method of design
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can be employed without introducing subsequent difficulties in bal-
ancing the plant in order to obtain satisfactory air distribution.
However, if the individual ducts are not of the same length, the
temperature drops in the ducts together with the resulting register air
temperatures will be different, and a design based on the assumption
of equal register air temperatures, as illustrated in Case I, will lead to
subsequent difficulties in balancing the plant. This condition is illus-
trated in Case II, Fig. 2, in which the duct to room A is short, and that
to room B is long. In this case, owing to the difference in heat loss from
the two ducts, the air delivered from the registers would enter room A
at a higher temperature than that of the air entering room B. If, after
installation, it is found that the air actually enters room A at a tem-
perature of 145 deg. F. and room B at a temperature of 115 deg. F.,
the corresponding actual air volume requirements should have been
198 cu. ft. per min. for room A and 301 cu. ft. per min. for room B,
instead of the 223 cu. ft. per min. for each room, predicated by the
conditions assumed for the design. In the case of room A, no difficulties
in balancing the system would be imposed by the fact that the duct
would be required to carry 11 per cent less air than the 223 cu. ft. per
min. for which it was designed, since dampers could easily be adjusted
to reduce the air flow. However, in the case of room B the discrepancy
between the calculated requirement of 223 cu. ft. per min. and the
actual requirement of 301 cu. ft. per min., or an increase of 35 per cent,
could not be as readily compensated. An increase in the air supply
to room B could be obtained only by increasing the speed of the fan
and dampering the duct to room A, or by installing a larger duct to
room B. These difficulties can be avoided if accurate information on
the rate of temperature drop along ducts is available so that reason-
able approximations to the expected register air temperatures may be
made in the original design of the system.
II. DESCRIPTION OF APPARATUS
4. Laboratory Plant.-The arrangement of the laboratory plant,
for studying the temperature drop in ducts, as shown in Fig. 3, con-
sisted of a centrifugal fan, an air-measuring section, an electric furnace
for heating the air, a mixing chamber containing baffles, straightener
vanes, and a test section consisting of 20 feet of straight duct. The
centrifugal fan was equipped with an adjustable inlet damper to regu-
late the volume of air flowing through the duct system. The air-meas-
uring station consisted of a venturi section containing a Pitot tube used
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FiG. 3. LABORATORY PLANT FOR MEASUREMENT OF
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in connection with an inclined manometer. The measuring section was
calibrated in place by making traverses with the Pitot tube placed in
successive positions in the horizontal and vertical diameters of the
section. After the section was calibrated, the Pitot tube was per-
manently located in the central axis, and a single reading of the
velocity pressure made in this position could be used, both as a con-
venient guide in controlling the velocity of the air during a test, and
as an index from which the weight of air flowing could be determined
with an acceptable degree of accuracy. The coefficient of the Pitot tube
was assumed to be 1.00. The entire plant, including the electric furnace,
was tightly sealed to prevent air leaks. Later observations showed
that the air weights, separately determined at the air-measuring sta-
tion and by traverses in the test duct, agreed within two per cent.
The heating coils in the electric furnace were connected to a 220-
volt d.c. supply line, and were in series with rheostats that could be
adjusted to vary the current input and thus control the temperature of
the air entering the test duct. Various arrangements, consisting of
straightener tubes, a cone inserted at the outlet of the furnace, and a
*Numbers refer to references listed in Bibliography in Appendix n of this bulletin.
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propeller fan installed inside of the duct near the furnace outlet, were
tried in an effort to eliminate irregularities in both the temperature
and velocity profiles of the air entering the test duct. The arrangement
finally adopted, as shown in Fig. 3, consisted of two sets of baffles in
a large mixing chamber. The mixing chamber was followed by a taper-
ing transition piece which connected it to the test duct.
The test section consisted of 20 ft. of 26-ga., galvanized-iron
duct, assembled with lock seams. All such seams and longitudinal
joints were soldered. Three test ducts were used, namely, a 10-in.
diameter round duct, a 9-in. x 9-in. square duct, and a 13-in. x 6-in.
rectangular duct, and in each case the 20-ft. test section was pre-
ceded and followed by several feet of duct having the same dimensions.
Straightener tubes near the entrance of the test section served to elimi-
nate any rotational effects in the flow of air from the mixing chamber.
A perforated grille register was attached to the end of the duct, and
the center portion of the grille was blocked in order to create a positive
static pressure at the end of the duct. This arrangement prevented un-
heated air from the room being drawn into the duct and affecting the
accuracy of the temperature readings at Station 20. A canvas curtain,
shown by the broken lines in Fig. 3, was hung from ceiling to floor in
order to eliminate drafts and thus to insure that the heat loss from
the outside of the duct occurred by radiation and natural convection
alone.
5. Temperature Measuring Instruments.-Temperature measure-
ments were made by means of copper-constantan thermocouples used
in connection with a high precision potentiometer. The three arrange-
ments used for measuring the temperatures of the duct surfaces and of
the air stream are shown in Fig. 4. Temperature traverses of the air
flowing in the duct were made at two cross sections spaced 20 ft. apart,
designated in Fig. 3 as Station ) and Station 20. As shown in Fig. 4a,
about 6 inches of the glass tube containing the lead wires of the trav-
ersing thermocouple were parallel to the direction of air flow. Since for
short distances along the axis of the duct the flow was practically
isothermal, this arrangement eliminated any conduction of heat along
the lead wires and away from the junction.
For the purpose of obtaining the wall surface temperatures at
Stations 0 and 20, thermocouples composed of No. 34 B. and S. gage
wire were embedded in scratches made in the outer surface of the
metal duct, as shown in Fig. 4b. The thermocouple junctions were
soldered to the duct, and the insulated lead wires were cemented to
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FIG. 4. THERMOCOUPLE ARRANGEMENTS
the surface for a distance of 6 inches parallel to the axis of the duct in
order to eliminate conduction of heat away from the junctions.
Temperature traverses of the surface of the duct at Stations 0 and
20 were made by means of the portable prong-type1 thermocouples
shown in Fig. 4c. In this case the electrical circuit was completed
through the metallic duct and the thermocouple junction was in the
plane of the surface. During the time that a reading was being made
with the prong-type thermocouple in contact with the duct, the elec-
tromotive force showed a marked tendency to fluctuate. It is possible
that the fluctuations resulted from small cooling currents occurring
near the points of contact, and giving rise to irregularities in the con-
duction of heat along the lead wires and away from the junction. Cor-
responding readings made with the thermocouple embedded in the
surface were much steadier. These thermocouples were not materially
affected by stray air currents, and the comparatively high resistance of
the leads tended to dampen the galvanometer used in connection with
the potentiometer.
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III. TEST METHODS AND PROCEDURE
6. Surface Temperature of Round Duct.-Measurements of the sur-
face temperatures of the round duct were made by means of the prong-
type thermocouple shown in Fig. 4c. The lead wires from the points of
contact, or thermocouple junction, passed through a region which was
cooler than the surface of the duct. Hence conduction of heat along the
leads and away from the junction tended to reduce the temperature at
the points of contact, and the readings of the thermocouple corre-
sponded to a temperature that was lower than the true surface temper-
ature of the duct. The prong-type thermocouple used was made of
No. 22 B. and S. gage wire. It was calibrated under service conditions
by placing it in contact with the surface of the duct adjacent to the
embedded thermocouple shown in Fig. 4b, and comparing the readings
of the two thermocouples. The temperatures indicated by the em-
bedded thermocouple were regarded as the true temperatures 9 of the
surface of the duct, and, within the accuracy attainable, the calibra-
tion points thus obtained agreed with a curve published by Adams and
Kean1 for a chromel-alumel thermocouple made from somewhat larger
wire. This curve was, therefore, used.
In obtaining the surface temperature of the round duct the average
surface temperatures at each of Stations 0 and 20 were determined
separately. Starting at the top, the prong-type thermocouple was placed
successively at eight points spaced at equal distances on the circum-
ference of the duct at the given station. The readings were made as
rapidly as the potentiometer could be balanced. At each station the
eight readings were averaged, and the true duct-surface temperature
was obtained from the calibration curve. The arithmetical mean of the
surface temperatures thus obtained at Stations 0 and 20 was then
regarded as the average surface temperature for the 20 ft. length
of duct.
7. Surface Temperatures of Square and Rectangular Ducts.-In
order to simplify the testing procedure and to obtain greater accuracy,
the surface temperatures of the square and rectangular ducts were ob-
tained by a modification of the method used for the round duct. An
embedded surface thermocouple was attached at the center of each side
of the periphery of the duct at Stations 0 and 20, so that four em-
bedded surface thermocouples were located at each station.
Since at each station the temperature varied around the periphery
of the duct, it was necessary to find the relation between the tempera-
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ture at the center of the side and the average temperature of the side.
For this purpose a traverse was made by placing the prong-type
thermocouple in contact with the duct surface at five points spaced at
equal distances along each side of the periphery. The central point of
the traverse was adjacent to the embedded thermocouple, and at this
point both thermocouples were read at the same time. The correction
factor for determining the average temperature from the center read-
ing was obtained by comparing the center reading observed by means
of the prong thermocouple with the average obtained from the traverse.
This same correction was then applied to the true surface temperature
observed at the center by means of the embedded thermocouple in
order to evaluate the true average surface temperature for that side
of the periphery of the duct. Since the center reading was always
higher than the average, the correction was negative.
This procedure was repeated a large number of times at both
Stations 0 and 20, and it was found that the average of the correc-
tion for the eight embedded surface thermocouples was consistently
about - 0.5 deg. F. over the whole range of temperatures used in the
tests. Hence, in subsequent tests the average temperature of the duct
surface was obtained by subtracting 0.5 deg. F. from the average of
the readings of the eight embedded surface thermocouples.
8. Temperature Drop and Heat Loss.-The usual method for ob-
taining the heat loss from a duct in which a fluid is flowing is to multi-
ply the weight of fluid flowing by the specific heat of the fluid and the
temperature change occurring in the fluid in the duct. This method
entails either a proper evaluation of the temperature drop or of the
weighted averages of the temperatures. It is evident that, if the tem-
perature is constant across the duct section at both Stations 0 and 20,
the difference between the temperature at any point in the cross section
at Station 0 and that at any point in the cross section at Station 20
represents the actual change in temperature in the mass of the fluid.
If the two temperature profiles are the same at Stations 0 and 20, the
temperature drop between any two corresponding points on the profiles,
or the difference between the average temperatures at the two stations,
also represents the actual change in temperature in the mass of the
fluid. However, if the temperature profiles at the two stations are not
identical, an element of uncertainty is introduced, which is sufficient
to make the validity of such methods doubtful.
Typical profiles showing the distribution of temperature and
velocity on two perpendicular axes in the cross section of the duct at
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both Stations 0 and 20, are presented in Fig. 5. Inspection of this figure
shows that the temperature and velocity profiles at Station 20 were
not identical with those at Station 0. Hence, it was not considered
advisable to employ the conventional method in determining the heat
loss from the duct. However, no question arises as to the validity of
the hypothesis that the heat loss is equal to the difference in the total
enthalpies at Stations 0 and 20, provided that the total enthalpies at
these two stations can be determined.
The total enthalpy at a given station was determined by dividing
the cross section of the duct into a number of small equal unit areas,
and making a temperature and velocity traverse of all the points
located in the centers of the areas. From the simultaneous velocity
and temperature traverses at the two stations the total enthalpy was
evaluated by multiplying the weight of air passing through each unit
traverse area by the specific enthalpy at the center of the area, and
. _ _ _-- s- _ T_ -- -
•- *Ve/oc/fy• I
<, "-A.4, veFie- "
700 800 3900 /000
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then summing these products for all of the unit areas used in the
traverse. That is:
E = (3600) (0.242) A vp t (4)
in which
E = enthalpy above that at zero deg. F. at any given individual
unit area in the cross section, in B.t.u. per hr.
3600 = seconds in an hour
0.242 = specific heat of air, in B.t.u. per lb.
A = area of a unit of cross section used in the traverse, in sq. ft.
v = average velocity through the given unit area, in ft. per
second
p = density of air passing given unit area, in lb. per cu. ft.
t = temperature of air at center of given unit area, in deg. F.
The total enthalpy at the section is:
Er = IE (5)
in which
ET = total enthalpy for the given station, in B.t.u. per hr.
SE = summation of all values of E at the given station.
In the cases of the round and square ducts the cross section was
divided into four annular rings of equal area, and in that of the rec-
tangular duct the cross section was divided into 18 equal rectangles.
A traverse of the air temperatures at the center of each of the unit
areas was made by means of the traverse thermocouple shown in
Fig. 4a; a similar traverse of the velocity pressures was made by
means of a Pitot tube. The enthalpies of the individual unit areas were
calculated by substitution in Equation (4), and the total enthalpies
for Stations 0 and 20 were then computed from Equation (5). The
heat loss, H,, (Table 1, Col. 13) for the 20 ft. test section was obtained
by taking the difference between total enthalpies at the two stations.
The temperature drop was obtained by averaging the temperature
readings given by the traverse at each station and by subtracting the
average at Station 20 from that at Station 0. A study of the tempera-
tures of the air along the longitudinal axis of the duct proved that in
the 20 ft. test section the temperature drop was practically a linear
function of the distance. Hence, the arithmetic mean between the tem-
peratures of the air at Stations 0 and 20 could, without appreciable
error, be regarded as the mean temperature of the air in the duct.
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9. Test Procedure.-Previous to a test, in order to establish equi-
librium, the apparatus was operated for a period of about three hours
under the predetermined conditions of air velocity and temperature to
be maintained during the test. After equilibrium had been attained the
test was started, and the velocity and temperature of the air were
maintained constant by adjusting the damper at the fan inlet and
regulating the current input to the electric furnace. The stationary
Pitot tube in the center of the air-measuring station and the stationary
thermocouple at Station 0 served as indices in maintaining conditions
constant during the test. At the start of the test the barometer was
read and the following routine measurements were made:
(1) Room temperature
(2) Temperature of air at Station 0
(3) Temperature of air at air-measuring station
(4) Velocity pressure in center of air-measuring station
(5) Voltage and amount of current supplied to the electric heaters
(6) Readings of surface thermocouples at Stations 0 and 20.
A temperature traverse was then made at Station 0, followed immedi-
ately by a second set of the routine measurements. A temperature
traverse at Station 20 was also followed by a set of the routine meas-
urements, and velocity traverses at Stations 0 and 20 were made. When
the traverses were completed, a final set of routine measurements was
obtained. If any change in temperature occurred at Station 0 during
the time required to make the temperature traverses at the two sta-
tions, a correction usually not exceeding 0.5 deg. F. was applied in
order to compensate for the change.
The tests were divided into five series, and each series included a
number of velocities designated by a group letter or number:
Series 1 consisted of a number of observations of temperature drops
in the warm-air ducts in the Warm-Air Heating Research
Residence. Since these observations were not made under
laboratory conditions and were affected by many factors not
subject to control, the results were considered as only pre-
liminary.
Series 2 consisted of preliminary results obtained with a round duct,
10 inches in diameter. These results indicated the necessity
for improved methods and technique, and hence have not been
included in the final report.
Series 3 consisted of laboratory tests on a galvanized-iron duct, 10
inches in diameter.
Series 4 consisted of laboratory tests on a rectangular, galvanized-iron
duct having 9 inch sides.
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Series 5 consisted of laboratory tests on a rectangular, galvanized-
iron duct having sides 13 inches by 6 inches.
The velocities corresponding to the group designations were as
follows:
Group A - 1075 feet per minute,
Group 1 - 850 feet per minute,
Group 2 - 625 feet per minute,
Group 3 - 400 feet per minute.
The test designations included the series number, the velocity group,
and the individual test number. Thus, the designation 5-2-4 indicates
"Series 5, Group 2, Test No. 4."
IV. RESULTS OF TESTS
10. Preliminary Survey in Research Residence.-A preliminary
survey of the temperature drops occurring in the duct system in the
Warm-Air Heating Research Residence was made under conditions
of continuous operation of the circulating fan, with the temperature
of the air in the ducts maintained constant. Details of the duct system
used in this survey have been reported in Engineering Experiment
Station Bulletin No. 266.10 A summary of the temperature drops per
foot of duct for the various sized ducts in the system is given in Fig. 6.
In general, the rate of temperature drop increased as the temperature
of the air in the duct increased, and as the velocity of the air de-
creased. With few exceptions, over the range of air temperatures com-
monly used in forced warm-air heating systems, the temperature drops
were between 0.2 deg. F. and 0.9 deg. F. per foot of duct. In the absence
of more specific data on temperature drops, it has been common
practice' 8 in the design of forced-air heating systems to use values of
from 0.25 to 0.5 deg. F. per foot of duct. These values agree fairly
closely with those obtained in the Research Residence. However, the
preliminary study indicated the advisability of obtaining more specific
information on the subject.
11. Factors Affecting Heat Loss From Ducts.-The factors which
influence, to a greater or lesser extent, the heat loss from ducts may
be enumerated as follows:
(a) Physical Characteristics of the Duct:
(1) Position of the duct, whether horizontal or vertical;
(2) straightness of the duct, or number of bends;
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FIG. 6. TEMPERATURE DROP IN DUCTS IN RESEARCH RESIDENCE
(3) confinement of duct, whether in free space, or enclosed in par-
titions;
(4) shape and size of the duct;
(5) area of surface of the duct;
(6) nature of the surface of the duct, or its radiation emissivity;
(7) conductivity of the wal l of the duct, whether insulated or not.
(b) Characteristics of the Surroundings and
the Flow Inside the Duct:
(8) Temperature of the air surrounding the duct;
(9) velocity of air moving over the outside of the duct;
(10) temperature of the surrounding surfaces which receive radiation
from the duct;
(11) temperature of air in the duct;
(12) temperature stratification of the air in the duct;
(13) velocity of air in the duct.
(c) Physical Properties of Air:
(14) Viscosity, conductivity, and specific heat of the air, both inside
and outside of the duct;
(15) coefficient of density change, or coefficient of thermal expansion,
of the outside air acting under the influence of free convection.
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In a given duct arrangement, if the surrounding air is maintained
at a constant temperature, the only two independent variables are the
temperature and velocity of the air flowing (items 11 and 13). The
other items listed are then dependent variables characteristic of the
specific arrangement used, or are functions of the temperature of the
air inside and outside of the duct. Hence, the first studies were made
on an arrangement of the simplest form, consisting of a straight, hori-
zontal run of uninsulated, round, galvanized-iron duct suspended in
still air, and the temperature of the surrounding air was maintained at
approximately 75 deg. F.
12. General Statement on Dimensional Analysis of Data.-Values
of the velocities of the air flowing, the temperatures inside and outside
of the duct, and the corresponding total heat losses for the different
ducts are given in Table 1. From these values the overall coefficients
of heat transmission under different conditions, or the loss in B.t.u.
per sq. ft. of surface per hr. per deg. difference between the tempera-
ture of the air inside and that of the air outside of the duct could be
readily computed. This overall coefficient is the one customarily used
to compare the performances of various ducts and to serve as a basis
for design. However, overall coefficients are influenced by many inde-
pendent variables, and are not readily subject to rigid mathematical
analysis. As a result, a number of curves are required in order to cor-
relate the different conditions. Furthermore, equations involving the
overall coefficients are restricted to the ranges covered by the experi-
mental data, and are limited by the conditions under which the tests
were run.
The overall resistance to heat flow, or the reciprocal of the overall
coefficient, is numerically equal to the sum of the resistance of the air
film on the inside of the duct, the resistance of the duct itself, and the
resistance of the air film on the outside of the duct. These individual
resistances are subject to rigid mathematical analysis, and each one
may be studied to determine the effect of various factors such as air
velocity, temperature, and size of duct. General equations for the
individual resistances can then be recombined in order to predict the
heat losses that would be obtained under conditions and over ranges
not covered by the experimental data. In the case of the thin metal
ducts used in this investigation, the resistance of the duct wall was so
small that it could be neglected safely. The separate coefficients of heat
transfer, or the reciprocals of the individual resistances, evaluated
TEMPERATURE DROP IN DUCTS FOR FORCED-AIR HEATING
from the experimental data on the heat loss from the ducts are given
in Table 1, columns 24 to 27. The methods for the calculation of the
various items in the table are also presented in the corresponding
column headings.
Reynolds,"1 Rayleigh, 15 McAdams 14 and others have shown that,
by means of dimensional analysis, the factors involved in the heat
transfer through films can be arranged in certain characteristic di-
mensionless groups, which have become generally accepted and are
commonly used in the literature on heat transfer. Correlation of the
results of an investigation, and between the results of different in-
vestigators, can then be accomplished by writing equations involving
these groups. The results can be correlated also by plotting the evalua-
tion of certain of these groups against the evaluation of other groups
or the products of such groups. The latter method of analysis has been
employed in this investigation.
Considerable data were available on the heat transmission from
round pipes under a wide range of operating conditions, together with
correlations of similar data from other investigators. However, there
was no certainty that the results obtained with duct sections geometri-
cally different from round pipe would correlate with results obtained
by other investigators for round pipe. Hence, as mentioned in Sec-
tion 11, in this investigation the basic data were first obtained with
round pipe, and the results were then compared with published curves
in order to establish the validity of the test methods and the accuracy
of the test data. The studies were then extended to ducts with square
and rectangular cross sections in order to determine what modifica-
tions, if any, had to be made in applying to them the curves and equa-
tions derived from the published data on round ducts.
13. Nomenclature.-The significance of the symbols used in the
equations and tables appearing in the bulletin, together with the units
in which the different quantities are expressed, are shown in Table 2.
The table also lists the conditions to which the subscripts refer. A more
detailed explanation of some of the terms, defining the physical proper-
ties of air and expressing certain dimensionless numbers, are presented
in Appendix A.
14. Inside Film Coefficient.-In the case of forced convection on
the inside of the duct, the transfer of heat through the inner film ad-
hering to the inside surface of the duct can be treated as conduction
ILLINOIS ENGINEERING EXPERIMENT STATION
TABLE 2
GENERAL NOMENCLATURE
DescriptionSymbol
A
B
c,
D
e
g
G
H
h
k
L
m
Q
S
T
t
v
V
W
a
A
(Re)
(Nu)
(Pr)
(Gr)
Area
Barometric pressure
Specific heat at constant pressure
Equivalent diameter
Emissivity coefficient
Acceleration of gravity, 32.16
Weight velocity, 60V
Rate of heat flow
Coefficient of heat transfer, -H
Thermal conductivity
Length
Mean hydraulic radius, area
perimeter
Volume rate of flow
Surface area
Absolute temperature, t + 460
Temperature
Velocity
Velocity
Weight rate of air flow, AG
Modulus for computing (Gr. Pr.)
Coefficient of Thermal Expansion
Absolute viscosity
A constant
Weight density
Temperature difference
Temperature drop in duct
Reynolds' number, vDp
hDNusselt's number k--
Prandtl's number,
Grashof's number, D•pf2gO
Af2
Subscripts
Environment, ambient air
Convection, referring to natural or free convection
Inside film
Main fluid, or mean
Outside film
Radiation
Total
Wall surface
Units
ft.2
in. Hg.
B.t.u.
lb. deg. F.
ft.
dimensionless
ft.
sec.
2
lb.
hr. ft.2
B.t.u.
hr. ft.2
B.t.u.
hr. ft.2 deg.F.
B.t.u.
hr. ft.2 (deg. F./ft.)
ft.
ft.
ft.3
mmin.
ft.2
deg. F.
deg. F.
ft.
see.
ft.
Min.
lb.
hr.
1
ft.3 deg. F.
1
deg. F.
lb.
ft. sec.
3.1416
lb.
ft.i
deg. F.
deg. F.
dimensionless
dimensionless
dimensionless
dimensionless
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through a stationary film. By dimensional analysis, other investigators
have shown that the factors involved are related as follows:
(Nui)x = C (Re)" (Pr), or, (6)
(hD ) (D p)( ) (7)
in which x, y, z, and C are constants determined by experiment. In
determining such constants from experimental data, the method of
procedure consists of plotting Nusselt's number separately against
Reynolds' number and Prandtl's number for the individual tests, and
then evaluating x, y, z, and C from the average curves drawn through
the points. In dealing with a single gas, such as air, Prandtl's number
is constant, and comparisons of data may be made by simply plotting
Nusselt's number against Reynolds' number. The values of these two
dimensionless quantities, calculated from the experimental data, with
the physical properties of air evaluated at the average temperature of
the fluid, not of the film, are given in Table 1. The points representing
the results from all of the ducts employed in this investigation are
shown in Fig. 7 superimposed on a curve reproduced directly from
one derived by McAdams (Fig. 65, page 172).14 The solid circles repre-
sent data from the six independent investigators originally included by
McAdams. From the analysis of these data he has shown that for gases
flowing inside of pipes the following equation (Equation 11, page
169) 1 is applicable over a wide range of conditions:
hi D DG o° A c, 0 a 4(- ) - 0.0225 ( )(P). (8)
For a value of Prandtl's number equal to 0.73, Equation (8) simpli-
fies to
Shi D DG 08(hD = 0.020 - . (9)
This expression is the equation of the straight line shown in Fig. 7,
and is representative for air flowing in pipes.
As shown in Appendix A, Section 8, some uncertainty exists in the
value of the conductivity, k, and hence in the evaluation of Prandtl's
number. Values of the latter ranging from 0.73 to 0.79 have been cited.
Throughout this bulletin values of cp, A, and k obtained from the Inter-
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national Critical Tables have been used, and the corresponding value
of Prandtl's number over the temperature range between 32 and 212
deg. F. was approximately 0.775. The use of this value of Prandtl's
number in Equation (8) resulted in the following modification of
Equation (9):
(hi- -0.0203 DG ).
\k }
The difference between Equations (9) and (10) is not significant, and
the latter equation has been consistently used for the purpose of
computation.
The physical properties of air involved in the Reynolds' and
Prandtl's numbers appearing in Equation (8) were evaluated by
McAdams at the average temperature of the fluid, and not of the
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film. The Prandtl analogy 14 is based on the assumption that part of
the thermal resistance is in the core, and the remainder in a film flow-
ing with streamline motion along the wall. Hence, theoretically the
physical properties should correspond to the temperature of the film. 4
As a special study, Nusselt's number was separately computed from
data appertaining to two of the tests made on the round duct, with the
physical properties of air evaluated both at the average temperature of
the fluid and at the temperature of the film. The difference in the
Nusselt's numbers obtained by the two methods was negligible. Hence,
in order to be consistent with McAdam's treatment, as represented by
Fig. 7, the data presented in Table 1 were based on the physical
properties of the main air stream and not of the film.
As shown in Fig. 7, the data obtained from the Illinois tests on
round, square, and rectangular ducts are represented respectively by
open circles, squares, and crosses. An examination of the data for the
round duct indicates that the results from the Illinois tests are in close
agreement with the average curve, the deviations of individual points
from the curve being of the same order of magnitude as the deviations
shown by the results of other investigators. In Reynolds' original
work 16 on dimensional analysis, dimensional similarity was rigidly
specified. The round, square, and rectangular ducts used in the Illinois
tests were not dimensionally similar, and hence did not comply with
the specification. Nevertheless, the dimensions of each of the three
ducts were expressed in terms of an equivalent diameter equal to four
times the mean hydraulic radius, and the data were plotted in Fig. 7 in
conjunction with those from the round duct. It is evident that the
points representing data for the square and rectangular ducts are also
in reasonably close agreement with the average curve, indicating that
over the range of ducts used in this investigation, the shape factor had
no material influence. Hence, if the characteristic dimensions are
expressed in terms of equivalent diameters equal to four times the
mean hydraulic radii, either Equation (10) or the average curve may
be accepted for the evaluation of inside film coefficients to be used in
connection with the computation of heat losses from all sizes and
shapes of ducts commonly employed in forced-air heating practice.
15. Outside Coefficient of Radiation.-The transfer of heat from
the outside of a duct occurs partly by radiation from the surface of
the duct to the surrounding walls and other objects, and partly by
convection to the surrounding air. The heat lost by radiation from a
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unit area of the duct in a unit of time may be calculated from the
Stefan-Boltzman equation
H, = (0.1723) (10-8)e (TV4 - T 4). (11)
This equation and the numerical values of the emissivity coefficient,
e, are further discussed in detail in Appendix B.
For certain purposes it is convenient to express the heat given off
by radiation as the product of the area, the temperature difference,
and a coefficient designated as the coefficient of radiant heat transfer.
This coefficient, h,, is defined by the following equation:
H,
h, =- . (12)(tw - ta)
By employing Equations (11) and (12), the radiation coefficients
could be calculated directly from the test data obtained for the various
ducts. They were then used in conjunction with the total heat lost from
the ducts in order to compute the outside coefficients of heat transfer
by convection, as explained in Section 16.
16. Outside Coefficient for Natural Convection.-In addition to
radiation, heat transfer from the outside surface of a heated duct
occurs by conduction through an outside surface film, and thence by
convection to the surrounding air. The air in contact with the film
expands as it becomes heated, and as a result, air currents having ma-
terial velocities arise within a short distance from the heated surface.
The factors involved in the heat transfer by natural convection from
horizontal cylinders have been shown by dimensional analysis to be
related as follows:
(Nuo)x= C [(Gr) (Pr)]Y. (13)
Numerical values of the empirical constants x, y, and C were deter-
mined by McAdams by plotting the logarithm of Nusselt's number
against the logarithm of the product of Grashof's and Prandtl's num-
bers. A reproduction of this curve, for which he used the experimental
data obtained from the results of ten independent investigators, is
shown in Fig. 8. The points representing the original data are indicated
by the solid circles. The equation of the part of the curve extending
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above a value of (Gr) (Pr) of 1000, as given by McAdams (Equation
38, page 249) 14 is:
kh D 0.525 Po. (14)
Ck o 2 ko /J
Equation (14) should not be used outside of the range specified.
In evaluating the Nusselt's number from the Illinois tests a com-
bined coefficient for convection and radiation, ho, was first obtained
by dividing the measured heat loss from the duct, given in Table 1,
Column 13, by the duct area and the temperature difference between
the surface of the duct and the surrounding air. The coefficient of
radiant heat transfer, h,, was then calculated from Equation (12), and
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the outside coefficient for convection, he, was obtained by subtracting
hr from ho. After evaluating the Nusselt's numbers and the products of
Grashof's and Prandtl's numbers,* the data from the Illinois tests for
the round, square, and rectangular ducts were superimposed on the
McAdams' curve, as shown in Fig. 8. The inset in Fig. 8 further shows
the Illinois data plotted to a greatly magnified scale.
It may be observed that, in common with the inside film coeffi-
cients discussed in Section 14, the Illinois results were in close agree-
ment with McAdams' recommended curve. The deviations were of the
same order of magnitude as those shown by the results of other investi-
gators, and apparently the shape factor had no material influence
when the characteristic dimensions were expressed in terms of an
equivalent diameter equal to four times the mean hydraulic radii.
Hence, the McAdams' recommended curve, as represented by Equation
(14), may be accepted for the evaluation of outside coefficients of
natural convection as applied to ducts of the sizes and shapes com-
monly used in forced-air heating practice.
Several simplified empirical equations of somewhat limited scope
are available, showing the relation between the coefficient of natural
convection for the outside surface of round pipe and the characteristics
of the surface. Three of these simplified equations, namely, those given
by King (Equation 15, page 351), s Heilman (Equation 16), 5 and
McAdams (Fig. 98, page 243), 1' were investigated, and the values
of convection coefficients obtained from them were compared with
those obtained from the Illinois tests and with each other. In the case
of the round duct the results obtained by using the three simplified
equations were not in very good agreement. King's equation was
largely based on data from wires, vertical plates, vertical cylinders,
and spheres, none of which approximated the horizontal round duct
used in these tests. In the case of Heilman's equation for round duct,
the range of temperature for which the equation was specified was
considerably in excess of the temperature range used in the Illinois
tests. McAdams' condensed equation, based on data from three inves-
tigators including Heilman, was subject to the same limitations that
applied to the Heilman equation. In the case of the square duct, Mc-
Adams' equation (pages 244-245) 1 and Heilman's equation were in
fairly good agreement with each other, and with the results obtained
in these tests. Hence, for the purpose of this investigation, the more
simplified equations, applicable only to certain specific arrangements
*This calculation can be simplified by using the modulus and curves given in Appendix A,
Section 10.
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of ducts, were discarded in favor of the more generalized treatment
represented by Equation (14).
V. CHARTS FOR THE ESTIMATION OF TEMPERATURE DROP IN DUCTS
17. Derivation of Charts.-The experimental data obtained in this
investigation established the validity of Equations (10) and (14) for
the calculation of the coefficients of convection for the inside and
outside of ducts of various sizes and shapes. These equations were,
therefore, utilized to calculate the temperature drops, and to construct
estimation charts applicable to the range of shapes, sizes, and lengths,
of uninsulated, galvanized-iron ducts commonly used in forced-air
heating practice. The procedure followed for the calculation of the
temperature drop in basic 20 ft. lengths is outlined in Appendix C,
and a typical calculation sheet for an 8-in. round duct is shown in
Table 4.
Curves showing the temperature drop per ft. of length in a basic
section of 20 ft. with air flowing at an average velocity of 400 ft.
per min. and with various temperatures for the air entering the duct,
are presented in the upper part of Fig. 9. On plotting similar curves
for a large number of sizes and shapes of ducts it was found that the
round, square, and rectangular ducts could all be represented by
the same set of curves, provided that the characteristic dimension of
the cross section was expressed as an equivalent diameter, numerically
equal to four times the mean hydraulic radius. The latter term is
defined as the ratio of the cross-sectional area to the length of the
perimeter. For a round duct the equivalent diameter is the same as
the actual diameter. For a square duct the equivalent diameter is
numerically equal to the length of the side of the square, and for a
rectangular duct having a width, a, and depth, b, the equivalent
2ab
diameter is equal to: -- . Curves covering a range of equivalent
diameters are given in Fig. 9.
By plotting similar curves for different velocities of the air flowing
in the duct it was found that separate sets of curves were not neces-
sary since the curves for any given velocity could be derived from the
ones for 400 ft. per min. by the use of velocity conversion factors. The
curve for these velocity conversion factors is shown in the lower part
of Fig. 9. For velocities other than 400 ft. per min. the temperature
drop may be obtained by multiplying the temperature drop read from
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any one of the upper set of curves by the proper velocity conversion
factor read from the conversion factor curve.
It may be observed that, for a given velocity, the rate of tempera-
ture drop increases as the equivalent diameter of the duct decreases,
and for a given duct, the rate of temperature drop increases rapidly as
the velocity decreases. Furthermore, although with a given entering
air temperature the temperature drops are the same for ducts of differ-
ent shapes having the same equivalent diameters, the total heat losses
will be different as a result of differences in surface area. Also, at a
given velocity of flow the weights of air carried by ducts having the
same equivalent diameters will be different.
The curves in Fig. 9 are general and can be used to compute the
temperature drop in any given length of duct by regarding the total
length as made up of a succession of 20 ft. sections. This method,
however, is not convenient for rapid estimation, and for this purpose
four sets of curves covering the range of air velocities, air tempera-
tures, and equivalent duct diameters commonly used in small heating
installations are given in Figs. 10 to 13. These curves were derived
from the ones in Fig. 9.
An initial air temperature of 200 deg. F. was selected as a reason-
able maximum, and in each case the temperature drops were com-
puted for lengths up to 250 ft. The total length was regarded as being
composed of a succession of 20 ft. sections joined end to end. For a
given air velocity and given equivalent diameter, the temperature drop
in the first 20 ft. section with air entering at 200 deg. F. was obtained
by reading the rate of temperature drop from the proper curve in the
upper part of Fig. 9, multiplying it by the velocity conversion factor
from the lower part of Fig. 9, and multiplying the result by 20. By
subtracting this temperature drop from 200 deg. F. the temperature of
the air leaving the first section, and entering the second, was obtained.
The rate of temperature drop for the second section was determined
by this initial temperature, and the temperature at the end of the
second section could then be obtained. This procedure was repeated for
each successive 20 ft. section until the total length of 250 ft. was
covered. Starting with the entrance of the duct and a temperature of
200 deg. F. as the origin, the temperatures at the ends of the successive
20 ft. sections were plotted against the distances of the section from
the entrance of the duct, as shown in Figs. 10 to 13. The method of
using these charts is discussed in Section 18.
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18. Method of Using Charts.-The use of the charts for estimating
the temperature drop is shown by the following examples:
(1) The temperature drop in a 45 ft. length of uninsulated, round,
galvanized-iron duct having a diameter of 8 in. is desired. The air
enters the duct at a temperature of 180 deg. F. and the velocity of the
air flowing is 800 ft. per min.
The equivalent diameter of round duct is the same as the actual
diameter, in this case 8 in. From the curve for 8-in. equivalent di-
ameter on the chart for 800 ft. per min. velocity (Fig. 12), it may be
observed that an initial temperature of 180 deg. F. corresponds to a
section at a distance 24 ft. from the origin. At a distance of 24 + 45,
or 69 ft. from the origin, the air temperature is approximately 154
deg. F. The temperature drop is, therefore, 180 - 154 or 26 deg. F.
(2) The temperature drop in a 45 ft. length of uninsulated, rec-
tangular, galvanized-iron duct 20 in. wide and 8 in. deep is desired.
The entering air temperature is 180 deg. F. and the air velocity is
800 ft. per min.
2X8X20In this case the equivalent diameter is: - or 11.4 in.
8 +20
The temperatures for this diameter of pipe can be obtained by inter-
polating between the curves for equivalent diameters of 10 in. and
12 in. For a velocity of 800 ft. per min. an air temperature of 180
deg. F. is attained at a distance of about 35 ft. from the origin. At a
distance of 35 + 45, or 80 ft., from the origin, the air temperature
in the duct is about 161 deg. F. The temperature drop in the 45 ft.
section in this case is 180 - 161, or 19 deg. F.
APPENDIX A
PHYSICAL PROPERTIES OF AIR
1. General Statement.-The computation of the dimensionless num-
bers, by means of which the test data on heat transmission were cor-
related with those from other studies, involved the use of most of the
physical properties of air. The values employed were selected from
numerous sources. In cases in which some disagreement between the
sources occurred, those data were selected which were considered as
more reliable or more applicable to this study. The physical properties
enumerated in the following sections refer to dry air, unless otherwise
stated. In Section 13, Table 2 is shown a list of symbols and definitions
of terms used in this Appendix.
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2. Density (p).-The weight density of dry air, derived from the
equation of state for gases, Pv = MRT, is
1.327 B
p = (15)
in which
B = barometric pressure, in inches of mercury
T = temperature, in deg. F. absolute.
The density of a mixture of dry air and water vapor may be
obtained from a modification of the equation for dry air, as follows:
B - 0.378 (RH) (VP)
p = 1.327 (16)
T
in which
RH = relative humidity, in per cent,
VP = vapor pressure, in inches of mercury, corresponding to
saturated vapor at temperature T.
The correction terms, consisting of 0.378 (RH) (VP), amounted to
about 0.10 in. of mercury for the tests reported in this bulletin, and the
numerical value for the density of the mixture was not appreciably
lower than that for the density of dry air.
3. Specific Heat at Constant Pressure. (cp).-The specific heat at
constant pressure varies only by a small amount over the range of
temperature used in the tests reported in this bulletin. The references
consulted gave values between 0.240 and 0.243 B.t.u. per lb. per deg.
F., and a value of 0.242 was selected as being representative of the
specific heat of the air and water vapor mixtures existing under the
conditions of the tests. This value was within one per cent of all those
recommended.
4. Absolute Viscosity. (p).-Very little disagreement was found
between various sources for the values of viscosity of air. The values
used in this study were those given in the International Critical Tables
(Vol. 5, page 2) .7 The original values, which were stated in terms of
poises, were multiplied by 0.0672 in order to convert them to units of
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lb. per second feet. The values in the International Critical Tables
correspond to those quoted by McAdams (page 341).14 As a matter of
convenience, the curve shown in the upper part of Fig. 14 was used.
5. Conductivity. (k).-The values of conductivity obtained from
numerous sources are not in good agreement. Apparently in the tests
made to determine conductivity of gases the elimination of convection
effects presents a problem. The International Critical Tables- give a
weighted average of values obtained from a number of sources, and
the use of this average value is recommended by McAdams (page
328),1' with the notation that "the probable accuracy of the data is
something of the order of 10 per cent."
Among the authorities consulted there seems to be general agree-
ment that the conductivity of gases varies according to the Sutherland
equation:
(492 + C) (T)1- 5k = k --- (17)(T + C) (429)
in which C for air is usually considered as 225. It is with respect to the
value of k3 2, the conductivity of air at 32 deg. F., that the disagree-
ment among authorities is found. King8 gives 0.0136, which is about
5 per cent higher than the 0.0129 given by the International Critical
Tables and quoted by McAdams. The value of 0.0129 for k32 was used
in this study. A curve showing the relation between air temperature
and conductivity is presented in the lower part of Fig. 14.
6. Coefficient of Expansion. (Pf).-The coefficient of expansion of
a gas may be defined either as an average value for a range of temper-
ature, or as an instantaneous value varying with temperature. The
average value is defined by the equation:
V1 - V0
-= (18)(t - to) Vo
in which
vi = specific volume at temperature ti,
vo = specific volume at temperature to.
For one lb. of air, Pv = RT, from which v = RT/P. Substituting
this term for v in the equation for 0f, the following simplification is
obtained:
-= 1/To.
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If the coefficient of expansion is defined as an average value, the base
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this procedure is satisfactory if the value of /3 so determined is con-
sistently used.
The instantaneous value of p which is generally used, is defined by
the equation:
= -- ) (20)
By using the equation of state in connection with Equation (20), the
following simplification is obtained:
3 = 1/T. (21)
As used in this study, T is the average absolute temperature of the
outer air film, King,8 Colburn and Hougen, 2 and McAdams 14 all
employ this definition.
7. Reynolds' Number. (Re).-Reynolds' number is a dimensionless
group used in the correlation of data on the flow of fluids and heat
transmission, and is defined as follows:
vDp
Reynolds' number = Re =- . (22)
The term D, or diameter, refers to a characteristic dimension of the
unit under test, and in this report the equivalent diameter has been
used instead of the diameter. The equivalent diameter is equal to four
times the mean hydraulic radius. That is, D = 4m. Hence, Equation
(22) may also be stated either as:
4mvp
Re- (23)
or as:
DG
Re - . (24)
8. Prandtl's Number. (Pr).-It has been demonstrated from the
kinetic theory of gases, that the conductivity, viscosity, and specific
heat at constant volume for a perfect gas (which air approximates
very closely) are related by the equation
k = F (y c,).
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The function, F, depends upon the number of atoms per molecule.
Since the ratio of the specific heat at constant pressure to the specific
heat at constant volume is a constant, with a value of 1.40 for air,
Equation (25) may also be stated as:
k = (F/1.40) (g c,). (26)
The evaluation of the function F has probably been made with the
view of satisfying some specific values of k, u, and c,, the former of
A Cp
which is somewhat uncertain. The term, , which is referred to as
k
Prandtl's number, is a dimensionless factor involved in heat transfer
equations. Roberts (page 220)17 quotes Hercus and Laby that F=
1.76, which gives (Pr) = 0.79. Loeb (pages 215 and 238) 12 gives
F = 1.91 and (Pr) = 0.733. The latter value is used by McAdams
(page 167, Table II) 14 for air. By using the values for c,, ., and k
from the International Critical Tables, a value of (Pr) of approxi-
mately 0.775 is obtained in the temperature range from 32 to 212
deg. F. The value 0.775 has been used in this study, rather than
the values of 0.73 and 0.74 which are frequently stated.
It is often convenient to use the equation, t = 0.775 k/cp, in elim-
inating the term t from an expression. Since c, is a constant, the term
/ is then a function of k, and hence p can be expressed in terms of
temperature in the Sutherland equation.
9. Nusselt's Number. (Nu).-Nusselt's number is a dimensionless
group used in the correlation of data for heat transfer for both free
convection and forced convection of the fluid, and is defined as follows:
hD
Nusselt's number = (Nu) = - (27)
k
In the discussion presented in Section 14, a correlation between (Nu)
and (Re) is shown for the forced convection occurring inside of the
ducts, and in Section 16, a correlation between (Nu) and (Gr) (Pr)
is shown for the free convection occurring over the outside of the ducts.
10. Product of Grashof's and Prandtl's Numbers. (Gr) (Pr).-
In the correlation of data for heat emission by natural convection
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from heated surfaces, two dimensionless numbers are introduced, which
are defined as follows:
D3 p/ 2 3 g 0
Grashof's number, (Gr) =- (28)
'f
Prandtl's number, (Pr) = (29)
kf
The product of the two dimensionless terms is designated by the
symbols (Gr) (Pr) and it may be simplified to the following form:
(Gr) (Pr) = a D3 8 (30)
in which
g 2 p  Cp
a - (31)
Lk
All the terms in Equation (31) are physical constants, and with the
exception of the gravitational constant, g, are related to temperature.
Numerical values of the modulus a, for varying values of tempera-
ture, are shown by the middle curve in Fig. 14.
APPENDIX B
RADIATION FROM HEATED SURFACES
1. Stefan-Boltzmann Equation.-The heat transmitted by radia-
tion from a heated surface at a temperature of tw to cooler surrounding
surfaces at a temperature of ta, is given by the Stefan-Boltzmann
equation
H, = (0.1723) (10- 8) (e) (T 4 - Ta4) (32)
in which
H, = heat transmitted by radiation, in B.t.u. per sq. ft. of
radiating surface per hr.
e = emissivity coefficient of surface, or ratio of its emissive
power to that of a black body
Tw = t1 + 460 = temperature of radiating surface, in deg. F.
absolute
Ta = to + 460 = temperature of receiving surface, in deg. F.
absolute.
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In Fig. 15 is shown the relationship between the temperature, t, and
the numerical values of (0.1723) (10-8) (1.00) T 4. That is, the curve
is applicable to values of emissivity of 1.00. For emissivity coefficients
less than 1.00, the numerical values obtained from Fig. 15 should be
multiplied by the proper emissivity coefficient. In the case in which the
radiating body is relatively small as compared with the area of the
enclosing walls, illustrated by warm-air ducts installed in a room,
the emissivity coefficient, e, refers to that for the radiating surface
only; i.e. to the heated duct surface.
In using Fig. 15 to calculate the heat transfer by radiation from a
surface at temperature t,, to a cooler surface at temperature ta, the
value obtained from the curve for temperature ta is subtracted from
that corresponding to temperature tw,, and the result is multiplied by
the emissivity coefficient. For example, one square foot of surface at a
temperature tw, of 200 deg. F. is transferring heat by radiation to an
environment at a temperature ta of 70 deg. F. The emissivity coeffi-
cient of the radiating surface is assumed as 0.25. The values obtained
from Fig. 15 at 200 deg. F. and 70 deg. F. are 326 and 136 B.t.u. per
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TABLE 3
EMISSIVITY COEFFICIENTS FOR GALVANIZED-IRON SURFACE
Item
No.
1
2
3
4
5
6
7
Source* Surface Emissivity
Marks's Bright Zinc 0.10
Dull zinc 0.20
Kings Clean, smooth zinc 0.10
Heilman and Very bright, galvanized 0.14
MacArthur6 Badly tarnished, galvanized
McAdams 14  Fairly bright, galvanized
Gray, oxidized, galvanized
Hersheyf Old, dull surface from 10-in.
duct
Hersheyt Bright, new surface from 9-in.
square duct
Hersheyt Bright, new surface from rec-
tangular duct. Average of
readings on two sides
0.53
0.228
0.276
0.343
0.145
0.169
Notes:
*Reference given in bibliography.
tThermopile measurements by A. E. Hershey on the ducts used in study of heat loss and temper-
ature drops, in 1937-1939.
hr., respectively. The heat transfer by radiation is, therefore, equal to
(326 - 136) (0.25), or 47.5 B.t.u. per hr.
2. Emissivity Coefficient for Galvanized-Iron Surfaces.-Published
data on the emissivity coefficients for galvanized iron, or zinc, surfaces
are reproduced in items 1 to 4 in Table 3. The emissivity is dependent
upon the surface characteristics, the coefficients for clean, bright sur-
faces being lower than those for tarnished or oxidized surfaces.
Items 5, 6, and 7 show results obtained by A. E. Hershey on the
emissivities of the ducts used in the tests reported in this bulletin. For
this purpose, a radiometer containing a calibrated thermopile was
directed at the duct at a point at which the surface temperature could
be accurately determined. Several determinations were made at vari-
ous points on the duct, and the values reported are average values. It
may be observed that the emissivities varied from about 0.15 for
bright new surfaces to about 0.34 for old, dull surfaces. For the calcu-
lations reported in Section 17 and Appendix C, a value of 0.25 was
selected for the emissivity, as representing average conditions of ducts
in service.
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APPENDIX C
PROCEDURE FOR CALCULATING TEMPERATURE DROPS
1. Method of Calculating and Outline of Procedure.-The mathe-
matical treatment employed in the calculation of the temperature
drops, for the range of ducts covered by the chart in Fig. 9, was based
on the fact that the heat passing by forced convection through the air
film on the inside of the duct was equal to the heat lost by radiation
and convection from the outside of the duct. The heat passing through
the inside film involved the inside film coefficient, hi, and that lost by
convection from the outside involved the coefficient of heat transfer by
natural convection, he. From the assumed duct dimensions, the ve-
locities and temperatures of the air, and the corresponding physical
properties of air, the coefficients hi and he could be evaluated by using
Equation (10), Section 14, and Equation (14), Section 16, respectively.
The calculation of the product, (Gr) (Pr) was simplified by the use of
the modulus, a, and the curves discussed in Appendix A, Section 10.
The coefficient of radiant heat transfer, h,, involved in the heat loss
from the outside of the duct could be evaluated from Equation (12),
Section 15.
In the case of thin-walled, uninsulated, galvanized-iron ducts the
resistance of the wall to heat flow is so small that the temperatures of
the inside and outside surfaces may safely be regarded as being the
same. Under these conditions the following equation expresses the
relation between the various coefficients and the temperatures enter-
ing into the heat transfer:
hi (t, - t.) = (h, + h,) (ta - t) . (33)
Since the evaluation of both he and hr involves a knowledge of the
wall temperature, t,, Equation (33) cannot be solved directly. A
method of trial and error was, therefore, used. A mean temperature
of the fluid on which to base the calculations was first selected and a
reasonable wall temperature was assumed. The coefficients, hi, he, and
hr were then evaluated from these temperatures and substituted in
Equation (33) to give a closer approximation of the wall temperature.
For this purpose, Equation (33) was written
hm t„ -+t (h. 4- h )
hi - It (h + h)
hi + k + K,
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This process was repeated until two successive values of t,, were either
the same, or differed by a very small amount. It was found that if the
first assumption was within 7 deg. F. of being correct, the second ap-
proximation was within 0.2 deg. F. of the actual value, and no third
approximation was necessary. The calculations were then completed
as shown by the typical calculation sheet for an 8-in. round duct given
in Table 4.
As mentioned in Section 8, the temperature drop in a 20 ft. section
was found to be practically a linear function of the distance along the
axis. This would not be true, however, in the case of long ducts, and
considerable error might arise if the mean coefficients were applied to
ducts of any great length. Hence, all of the calculations were based on
a length of 20 ft., and temperature drops for long ducts must be
obtained by regarding such ducts as composed of successive 20 ft.
sections.
The heat loss by radiation is dependent on the age and cleanliness
of the surface of the duct. As shown in Appendix B, Section 2, the
emissivity coefficient may vary anywhere from as low as 0.14 for very
bright, new galvanized duct to as high as 0.53 for old and badly tar-
nished duct. Studies on the various ducts used in this investigation indi-
cated that a value of 0.25 was reasonable for commercial ducts in good
condition, and it was, therefore, used in all of the computations.
The principal steps in the calculation procedure, on which the
typical calculation sheet given in Table 4 is based, may be summarized
as follows:
(1) The dimensions and characteristics of the duct were selected,
or computed, as shown in item 1 in Table 4.
(2) An average main fluid temperature, item 2b, was selected.
(3) The values of density (item 2c), viscosity (item 2f), and con-
ductivity (item 2i) were obtained as indicated in the fifth column in
Table 4.
(4) Reynolds' number (item 2g) was computed, using the proper
values of the mean hydraulic radius, the air velocity, the density, and
the viscosity.
(5) From Equation (10), Section 14,
hi D(Nu)=- = 0.0203 (Re) 0.s8 ,
km
the inner film coefficient was evaluated, as shown in item 2j.
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(6) As a first approximation, a trial value of the surface tempera-
ture of the duct wall (item 3b) was assumed.
(7) From this wall surface temperature, the coefficient of radiant
heat transfer (item 4a), and the outer film temperature (item 3c) were
obtained. All computations were based on an outside air temperature
(item 3a) of 70 deg. F., and the physical properties of the outer film
were evaluated at a mean between that of the wall and 70 deg. F.
(8) The product of Grashof's number and Prandtl's number was
calculated, as shown in items 4b and 4c.
(9) From Equation (14), Section 16,
h, D(Nu)o= = 0.525 (Gr X Pr)- 25,
k0
the corresponding Nusselt's number (item 4 e) and the convection
coefficient for the outer film (item 4g) were evaluated.
(10) A second approximation of duct surface temperature was cal-
culated as shown in item 4h. With this second approximation of the
duct surface temperature, the computations shown in steps 7, 8, 9, and
10 were repeated, in order to obtain a closer approximation of the duct
surface temperature. The first approximation was within 7 deg. F. of
being correct. Hence, the second approximation obtained from it was
within 0.1 or 0.2 deg. F. of the actual duct surface temperature, and no
third approximation to be used in the balance of the calculations was
necessary.
(11) The total heat loss (item 5c) from the 20 ft. section was
calculated.
(12) The total temperature drop (item 6b) for the 20 ft. section,
and the rate of temperature drop per foot of length (item 6c) were
determined.
(13) The temperature of the air entering the 20 ft. section was
obtained as shown in item 6d.
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